A protein phosphatase was purified from the stroma of Pea (Pisum sativum L.) chloroplasts that is capable of dephosphorylating synthetic phosphopeptides. Following chromatographic purification of greater than 400-fold, two-dimensional electrophoresis indicated that the stromal protein phosphatase is a 29-kD protein. A similar molecular size was determined for the protein-phosphatase activity using gel-permeation chromatography, indicating that the stromal protein phosphatase is probably a monomer. The purified enzyme was able to dephosphorylate synthetic phosphopeptides, which mimic the thylakoid light-harvesting complex-ll (LHC-II) N terminus, as well as LHC-II in thylakoid membranes, but did not dephosphorylate the major 64-kD phosphoprotein in the stroma. The stromal protein phosphatase did not discriminate between dephosphorylation of phosphothreonine and phosphoserine residues in synthetic peptide substrates, providing further evidence that this enzyme is distinct from the protein phosphatase localized in thylakoid membranes. The exact physiological role of the stromal protein phosphatase has yet to be determined, but it may function in the dephosphorylation of LHC-II.
The study of protein phosphorylation! dephosphorylation in the chloroplast has focused mainly on the LHC-I1 (Bennett, 1977) , although many thylakoid proteins (Markwell et al., 1984; Silverstein et al., 1993) and stromal proteins (Foyer, 1985) become phosphorylated. The reversible phosphorylation of LHC-I1 is coincident with the state 1 to state 2 transition governing photosynthetic quanta1 energy distribution (Allen, 1995) . Protein-phosphatase activity is present in highly purified chloroplasts but does not significantly dephosphorylate phosphorylase a or general phosphatase substrates such as histone, p-glycerolphosphate, or 4-methylumbelliferylphosphate (MacKintosh et al., 1991; Sun and Markwell, 1992) . Chloroplastic thylakoid phosphatase will dephosphorylate the synthetic phosphopeptide analogs of the LHC-I1 N terminus phosphorylation site (Sun et al., 1993) or the authentic phosphopeptides cleaved from thylakoid proteins (Hammer et al., 1995b) .
Because of the use of peptide substrates, protein-phosphatase activity in the chloroplast stroma has recently been detected; this is in addition to that in the thylakoid membrane. The stromal phosphatase activity appears to be a significant component in the chloroplast, with total peptide-phosphatase activity in the stroma having a magnitude similar to the phosphatase activity in the membrane (Hammer et al., 199513) . Differences in pH optima, molybdate inhibition, and response to divalent cations indicate that the stromal protein phosphatase is distinct from the membrane phosphatase (Hammer et al., 199513) . Hammer et al. (1995a) , using heat-treated, 3ZP-labeled thylakoid membranes as the substrates, found that both the detergent-liberated membrane protein phosphatase and the stromal protein phosphatase were capable of dephosphorylating membrane-associated LHC-11; thus, both could potentially be involved in LHC-I1 dephosphorylation in vivo.
In this report we identify the soluble protein responsible for protein-phosphatase activity in pea (Pisum sativum L.) chloroplastic stroma. The native phosphatase appears to be a monomer of about 29 kD and is capable of dephosphorylating the apoproteins of LHC-11. Plant Physiol. Vol. 1 1 3 , 1997
MATERIALS A N D METHODS

Chloroplast lsolation
Pea (Pisum sutivum L. cv Alaska) plants were grown and intact chloroplasts were purified on Perco11 gradients as previously described (Sun and Markwell, 1992) . The intact chloroplasts were hypotonically lysed by resuspension in 25 mM sodium-Tricine (pH 7.6), 5 mM MgSO, at a chlorophyll concentration of less than 0.2 mg mL-', with the thylakoid membrane pellet and the stromal supernatant fractionated by centrifugation at 20,OOOg for 10 min. The membrane pellet or the stromal fraction was stored in the dark for less than 1 h at 0°C prior to subsequent protocols.
Chlorophyll concentrations were measured in 80% acetone extracts (Arnon, 1949) . Protein was assayed using the dye-binding method (Bradford, 1976) .
Preparation of Phosphopeptides and
Peptide-Phosphatase Assay
CPPs are authentic peptides cleaved from the thylakoid membranes. During purification of the stromal proteinphosphatase activity, CPPs were used as substrates. CPPs were prepared from isolated thylakoid membranes as previously described (Hammer et al., 1995b) . Briefly, thylakoid membranes were incubated with [32P]ATP to label the endogenous phosphoproteins. The membranes were then incubated with chymotrypsin to liberate phosphorylated peptides. Peptides were fractionated using C,,-silica chromatography (Hammer et al., 1995b) .
The synthetic peptides p2Thr, KThr, and KSer were synthesized using 9-fluoroenylmethyloycarbonyl-amino acids at the University of Nebraska-Lincoln's Center for Biotechnology / Protein Core Facility. The peptide PZThr was phosphorylated by incubation with isolated thylakoid membranes as previously described (Sun et al., 1993) . Phosphorylation of this peptide by the endogenous thylakoid protein kinase activity results in a specific phosphorylation of Thr6 (Michel and Bennett, 1989) . The peptides KThr and KSe, are forms of Kemptide, a well-characterized protein kinase substrate (Giembycz and Diamond, 1990; Kemp et al., 1977) . The peptides were phosphorylated on Thr or Ser residues, respectively, by the catalytic subunit of cAMP-dependent protein kinase from bovine heart (Sun et al., 1993) .
Enzymatic peptide dephosphorylation was assayed according to the method of Hammer et al. (199513) . Following incubation of the peptide with the enzyme fraction at 30°C, released 32Pi was measured by phase-partitioning (Shacter, 1984) and Cerenkov counting. The determination of phosphopeptide concentration and Pi released during the assay was based on the 32P-specific radioactivity in the labeling reaction.
Nondenaturing Electrophoresis of Stromal Proteins
During nondenaturing electrophoresis, fractions containing protein-phosphatase activity were supplemented with leghemoglobins u and d (Appleby et al., 1975) , which served as colored markers. The mixture was separated using discontinuous electrophoresis (Laemmli, 1970) without SDS at a 6% acrylamide concentration. Unstained, duplicate lanes of the stromal fraction were sliced at equal intervals from the electrophoretic origin and incubated in 200 pL of 25 mM Tris (pH 8.5), 5 mM MgCl,, and 1 mM DTT for 16 h at 5°C. The incubation buffer was then assayed for CPP-phosphatase activity. Other lanes were stained using Coomassie brilliant blue.
Purification of the Stromal Protein Phosphatase
A11 purification steps were at 5°C except for the Phenyl Sepharose chromatography, which was performed at room temperature. The supernatant fraction from the hypotonic chloroplast lysate was made to 30% saturation with solid ammonium sulfate, stirred for 30 min, and centrifuged at 12,OOOg for 10 min. The supernatant fraction was made to 60% saturation with ammonium sulfate, stirred, and centrifuged as above. The resulting pellet was suspended in 40 mL of buffer A (25 mM Tris-C1, pH 8.5, 1 mM DTT) and loaded onto a 4.5-x 5-cm Phenyl Sepharose CL-4B (Sigma) column equilibrated with buffer A. The column was washed with buffer A until the A,,, returned to baseline. Protein-phosphatase activity was eluted with buffer A that contained 20% ethylene glycol. Active fractions were pooled and concentrated using pressure filtration with a YM-10 ultrafilter (Amicon, Beverly, MA). The concentrate was then loaded onto a Mono-Q 515 fast protein liquid chromatography column (Pharmacia) equilibrated with buffer A.
Active peptide-phosphatase fractions were eluted using a 30-mL, O to 150 mM MgC1, gradient in buffer A at 1 mL min-' and were concentrated as above. The concentrate was loaded onto a 1.5-X 100-cm Superdex 75-pg (Pharmacia) gel-permeation column previously equilibrated with buffer A containing 75 mM MgCl, and eluted at 1 mL min-'. Fractions exhibiting the CPP dephosphorylation activity were pooled, concentrated (as above), and applied to a 1-X 8-cm o-amino-octyl agarose (Sigma) column equilibrated in buffer A. Peptide-phosphatase activity was eluted with a linear gradient of O to 200 mM MgC1, in buffer A at 0.5 mL min-'.
Two-Dimensional Electrophoresis and Electroblotting
During the purification, peptide-phosphatase fractions were separated using nondenaturing electrophoresis in 3-mm X 11-cm tube gels. Samples included aliquots of leghemoglobin a and d to serve as interna1 markers. Following electrophoresis, the portion of the tube gels containing the leghemoglobin markers and the CPP-phosphatase activity was separated in the second dimension by SDS-PAGE (12.5% acrylamide) (Laemmli, 1970) . The fractionated proteins were electroblotted onto a ProBlott Membrane (Applied Biosystems) in a buffer containing 25 mM Tris, 192 mM Gly, and 20% methanol. Following blotting, the membrane was washed in distilled water three times for 5 min, washed in methanol for 2 min, stained with Amido Black for 1 min (0.1% Amido Black in 40% methanol, 1% acetic acid), and destained in distilled water.
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Protein Sequencing
Protein bands that were visualized on ProBlott membranes were carefully excised with a razor blade and subjected to automated N-terminal sequencing on an AB1-Perkin-Elmer 494 Procise sequencer using protocols that were supplied by the manufacturer. Amino acid sequences were compared with existing databases using the Genetics Computer Group (Madison, WI) software package (version 8; Devereux et al., 1984) .
Protein-Phosphatase Assay Using Heat-lnactivated Phosphoprotein Fractions
The assay of exogenous, stromal protein-phosphatase activity using heat-treated phosphomembranes has been described (Hammer et al., 1995a) . Briefly, fractionated thylakoid membranes were phosphorylated with [32P]ATP, and endogenous phosphatase and kinase activities were inactivated by heating the membranes at 60°C. Heatinactivated phosphomembranes were then incubated with the amino-octyl agarose, stromal protein-phosphatase fraction at 30°C for varying durations and fractionated using SDS-PAGE. The relative amount of 32P incorporation was imaged and quantified using a PhosphorImager SF (Molecular Dynamics, Sunnyvale, CA). Control reactions included the addition of heat-treated stromal proteinphosphatase fractions (Hammer et al., 1995a) . Similarly, stromal phosphoprotein dephosphorylation was examined following phosphorylation of stromal proteins with [32P]ATP and then heating the reaction at 60°C. Dephosphorylation of heat-inactivated stromal phosphoproteins was examined in a manner similar to that for thylakoid phosphoproteins.
RESULTS
Purification of the chloroplast stroma protein phosphatase was followed and quantified using CPPs as a substrate (Table I ). Phenyl Sepharose chromatography was able to separate protein-phosphatase activity from the majority of Rubisco, which eluted prior to the change to 20% ethylene glycol; Rubisco is at least 50% of the total protein in the stromal extract and, thus, is the main contaminating protein. The CPP-phosphatase activity following Phenyl Sepharose was probably underestimated due to a partia1 inhibition of activity by ethylene glycol. Mono-Q chromatography did not increase purification greatly, since the CPP-phosphatase activity eluted across 50% of the gradient, but it did allow for a concentration of activity and removal of ethylene glycol.
Chromatography on Superdex 75 and amino-octyl agarose materials provided a significant amount of purification (Table I) . CPP-phosphatase activity eluted well away from the void volume in the Superdex gel-permeation step (Fig. 1A) . When the relative elution of the CPP-phosphatase activity was compared with the elution of molecular weight standards (the ovalbumin, carbonic anhydrase, and soybean trypsin inhibitor), an estimated molecular mass of 32 to 38 kD was obtained for the protein phosphatase. When the Superdex 75 fraction phosphatase was absorbed to the amino-octyl agarose column, a majority of protein did not bind; when an MgCI, gradient was used, CPP-phosphatase activity eluted later than the remaining proteins, as measured by A,,, (Fig. 1B) . The chromatographic purification of the stromal protein phosphatase through amino-octyl agarose yielded an enrichment of approximately 400-fold (Table I) .
Following amino-octyl agarose chromatography, the stromal protein phosphatase was further purified by nondenaturingl denaturing two-dimensional PAGE. Prior experimentation had indicated that the stromal proteinphosphatase activity can be recovered following nondenaturing electrophoresis, albeit in low yields. CPPphosphatase activity migrated in the lower half of the nondenaturing gel and was fractionated from the majority of the stromal proteins (Fig. 2) . It was found that, when leghemoglobins u and d were electrophoresed concurrently with the stromal proteins, their migration framed the majority of the protein-phosphatase activity (Fig. 2) . Thus, leghemoglobins were useful as consistent markers for activity in the nondenaturing gel.
Nondenaturing tube gels of the active protein-phosphatase region, framed by leghemoglobin standards, were separated using denaturing electrophoresis in the second dimension, electrophoretically transferred onto a ProBlott membrane, and stained with Amido Black (Fig. 3) . Active fractions prior to and following Mono-Q chromatography yielded many proteins on the two-dimensional blots. Following the amino-octyl agarose step, the active fraction yielded only one protein in addition to the leghemoglobins. This putative stromal protein phosphatase migrated with a molecular mass of 29 kD. The protein provided an N-terminal sequence of IYYPEVTVKDQPQTLDYRV. For Table 1 . Purification of a stromal protein phosphatase from pea chloroplasts "Materials and Methods."
Chloroplasts were purified and lysed to isolate the stromal contents and assayed as described in
Step . 200 fc Figure 1 . Separation of the stromal protein phosphatase using Superdex 75 (A) and aminooctyl agarose (B) chromatography. Using both chromatography techniques, we detected protein-phosphatase activity separated from the majority of the contaminating proteins (relativê 2so)-Maximum CPP-phosphatase activity in the assay (100%) was 11 and 2.5 pmol min" 1 ml_~', respectively, for the Superdex 75 and amino-octyl agarose chromatography.
Relative Elution Volume previously reported proteins, no matches of greater than 43% were found when searching the nonredundant protein databases using the Genetics Computer Group software package.
The chromatographically purified, stromal proteinphosphatase fraction was examined for several activity characteristics. Using CPP as a substrate, the stromal protein phosphatase exhibited a similar pH optima (pH 9.0), inhibition by NaF and EDTA, and a lack of inhibition by microcystin-LR as reported earlier for the crude stromal protein phosphatase (Hammer et al., 1995b) .
Since LHC-II is a membrane phosphoprotein, it cannot be used as a substrate for kinetic studies on the stromal protein phosphatase. The stromal protein phosphatase ex- hibited standard Michaelis-Menten kinetics toward the synthetic peptide substrate P 2 Thr, which mimics the N-terminal phosphorylation site of LHC-II (Fig. 4) . The K m calculated for the P 2T hr substrate in reaction with the stromal protein phosphatase was 5.7 JXM.
Lba
To further examine the potential of the stromal protein phosphatase for using thylakoid phosphoproteins as substrates, its interaction with heat-treated phosphomembranes, lacking endogenous phosphatase activity, was examined. Following heat-inactivation, the major thylakoid phosphoproteins (Silverstein et al., 1993) remain phosphorylated and their dephosphorylation can be examined using exogenous protein phosphatases (Hammer et al., 1995a) . When the stromal protein phosphatase was incubated with heat-treated phosphomembranes, dephosphorylation was evident (Fig. 5) . When the amount of 32 P in the LHC-II bands was measured, a dephosphorylation of 10% oc-M, curred from time 0 (Fig. 5, lane 1) to time 30 (Fig. 5, lane 2) with a control reaction using the stromal proteinphosphatase fraction that had been inactivated by heating at 60°C. With the purified stromal protein phosphatase (Fig. 5, lanes 3 and 4) , dephosphorylation of LHC-II was 20% and 60% following an incubation of 5 and 30 min, respectively. Dephosphorylation of the 55-and 9-kD thylakoid proteins was also evident (Fig. 5) .
Dephosphorylation of the heat-inactivated stromal phosphoproteins was also examined using the stromal protein phosphatase. Following labeling of stromal proteins with [ 32 P]ATP and heating at 60°C for 15 min, which inactivated greater than 95% of the residual protein-phosphatase activity, only a 64-kD phosphoprotein was strongly labeled. Incubation of this heat-inactivated fraction with the stromal protein phosphatase did not cause a dephosphorylation of the 64-kD protein (data not shown). To compare the relative Thr versus Ser specificity of the stromal protein phosphatase with that of the thylakoid membrane protein phosphatase (Sun et al., 1993) , the dephosphorylation of phosphorylated Kemptides was examined. The stromal protein phosphatase was able to dephosphorylate both the Thr and Ser analogs of Kemptide (K Thr and K Ser ) with the relative activities of 360 and 200 pmol min" 1 mg" 1 protein, respectively.
DISCUSSION
Protein-phosphatase activity in the chloroplastic stroma was previously reported (Hammer et al., 1995a (Hammer et al., , 1995b . Using column chromatography and electrophoretic separation, we have identified the protein that is responsible for this activity. The combination of Superdex 75 and aminooctyl agarose chromatography yielded more than a 400-fold purification of this enzyme. Amino-octyl agarose has been used in the purification of smooth muscle protein phosphatase (Pato and Adelstein, 1982) , and the stromal protein phosphatase showed a similar ability to bind to the column. The use of the MgCl 2 gradients during the Mono-Q and the amino-octyl agarose fractionation steps allowed for the immediate assay of CPP-phosphatase activity, since the stromal protein phosphatase is partially inhibited by many monovalent cations, including Na + and K + (data not shown). Because of the low yields of the protein-phosphatase enzyme from the chloroplasts, a more detailed, biochemical characterization must await recombinant expression of the protein.
Identification of the stromal protein phosphatase relied on its migration pattern in the nondenaturing PAGE. As seen in the nondenaturing gel of total stromal protein, there is a peak of CPP-phosphatase activity that is bracketed by the leghemoglobin standards (Fig. 2) . Nondenaturing PAGE of partially purified fractions also exhibited protein-phosphatase activity in this identical region (data not shown). Clearly, at least one protein phosphatase is present in this region of the gel. Thus, this area of the gel served as the region to examine during the chromatographic purification process. Following amino-octyl agarose chromatography, only one stained protein was evident after two-dimensional gel electrophoresis, indicating that this protein is the stromal protein phosphatase. The relative mobility of the 29-kD protein on SDS-PAGE approximates its estimated native size obtained from the Superdex 75 gel-permeation chromatography, indicating that the stromal protein phosphatase is a monomer in its native state. The lack of a significant N-terminal sequence similarity to other reported proteins suggests that this enzyme has not previously been identified.
Recently, we reported several differences between the stromal and the thylakoid protein-phosphatase activities, including differences in pH optima, inhibition by molyb- www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 1997 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 3, 1997 date ions, and response to divalent cations (Hammer et al., 1995b) . The current study also demonstrates that the stromal protein phosphatase will dephosphorylate the phosphoserine residue in Kemptide. In contrast, the thylakoid membrane phosphatase does not utilize KSe, as a substrate (Sun et al., 1993) . Thus, it seems likely that the stromal phosphatase and the thylakoid membrane-bound protein phosphatase are different proteins.
To our knowledge, the 29-kD stromal protein in the present report is the first chloroplastic stromal protein phosphatase to be purified. Two research groups have not been able to detect eukaryotic-type Ser / Thr proteinphosphatase activities in purified chloroplasts (MacKintosh et al., 1991; Sun and Markwell, 1992) . Since plastids are thought to have cyanobacterial origins (Nelissen et al., 1995) , the chloroplast stromal protein phosphatase may not have homologs among the currently known eukaryote protein phosphatases.
The in situ functional role of the stromal protein phosphatase identified here is not clear. Many stromal proteins undergo reversible phosphorylation (Foyer, 1985) , and the stromal protein phosphatase, along with other unidentified protein phosphatases, could catalyze the dephosphorylation of some or a11 of these proteins. The results of our experiment in which we examined the dephosphorylation of the major stromal phosphoprotein may not be conclusive. The 64-kD stromal phosphoprotein was not dephosphorylated by exogenously applied stromal protein phosphatase. This is not surprising, since the 64-kD protein has been identified as phosphoglucomutase, which is phosphorylated because of phosphate transfer from its substrate (Salvucci et al., 1990 ). This does not preclude, however, the stromal protein phosphatase from having other phosphoprotein targets in the plastid stroma.
The 29-kD stromal protein phosphatase does dephosphorylate authentic peptides derived from the thylakoids, as well as synthetic peptides analogous to the LHC-I1 phosphorylation region. Since the stromal protein phosphatase is able to dephosphorylate thylakoid proteins that are membrane-bound, the enzyme has the potential to be involved in the reversible phosphorylation of LHC-11. It is presumed that as the LHC-11, situated with PSII in the granal thylakoids, becomes phosphorylated it migrates to the granal margins or to nonappressed stromal thylakoids (Bennett, 1991; McCormack et al., 1994; Allen, 1995) . This migration is concomitant with the state 1 to state 2 transition, which regulates quanta1 energy distribution of the two photosystems. Thus, the stromal protein phosphatase would be capable of dephosphorylating the N-terminal phosphorylation site of LHC-11 that is exposed to the stroma and may be involved in the LHC-I1 dephosphoryIation reaction. Whether the stromal protein phosphatase is involved in stromal protein dephosphorylation and / or thylakoid membrane protein dephosphorylation must, however, await a broader understanding of reversible chloroplastic protein phosphorylation.
